Abstract-Performance improvement of couple silver (Ag)-gold (Au) based bimetallic surface plasmon resonance (SPR) sensor using a thin indium phosphide (InP) layer and an air gap layer is presented. Through detailed investigations quantitative insight into the dependence of different performance parameters including sensitivity factor (SF), sensor merit (SM), full width at half maximum (FWHM) and combined sensitivity factor (CSF) on stack structure, thickness and material parameters has been observed. Integration of thin InP layer on the metallic layer and inclusion of the air gap between glass prism and adsorption layer enhance both the sensitivity (70.90 • /RIU) and the CSF (372.8 RIU −1 ). Without InP layer the sensitivity is 65.66 • /RIU, and CSF is 178.5 RIU −1 whereas without the air gap the sensitivity is 66.29 • /RIU, and the CSF is 285.0 RIU −1 . Compared to similar bimetallic SPR sensors that have been reported in recent literatures, sensitivity and overall figure of merit of the proposed sensor are far better. The presented biosensor's capability to detect the variation of 1/1000 of RIU of the sensing medium (corresponding to subtle concentration change of the analyte) has been demonstrated.
INTRODUCTION
Surface plasmon resonance (SPR) technique has been used in optical sensors for chemical and biological detection for many years [1, 2] , and recently it also finds applications in terahertz (THz) plasmonic devices for photodetection [3, 4] . Although SPR sensors have made significant progress, they are still unable to achieve the direct detection of small molecular interactions or low molecular concentrations on the surface of the biosensors. Consequently, various proposals have been developed to enhance the sensitivity or resolution of SPR sensors by using different SPR modes or detection methods [5] . Recently, two-dimensional (2D) layered materials, such as graphene, transition metal dichalcogenides (TMDCs), and black phosphorus (BP), have come into the picture for devising flexible photodetectors from visible to THz range [6] . These materials have exceptional electrical and optical properties, chemical stability and biocompatibility, and depending on their specific band structures they can demonstrate peculiar functionalities which can be exploited for highly efficient light detection [3, [7] [8] [9] . Graphene and graphene oxide provide good support for biomolecule adsorption due to their large surface area and rich piconjugation structure making them suitable dielectric top layers for SPR sensing. However, there are limitations of graphene-on-metal SPR substrates for real-time sensing, such as the lack of specificity of the interfaces and most biomolecules adsorbed on graphene; these make selective sensing rather difficult [10] . Thus, with an energy gap in-between graphene and TMDCs black phosphorus recently emerged as a fascinating and versatile material for photodetection [3, 6] .
Thickness of the metallic layer, material properties, variations of the stack structure and various structural parameters affect the response and performance of the SPR sensors. Therefore, metallic layer optimization is required to improve the sensor performance [11] . Due to the presence of well-resolved SPR, silver (Ag) and gold (Au) are the most commonly used metals for sensing applications [12] [13] [14] . Silver based sensors have higher spectral sensitivity while gold based sensors have higher angular sensitivity [15] . On the other hand, silver has poor chemical resistance when it is in contact with the atmosphere or some chemicals. As a result, use of gold is more prevalent because of its high chemical resistance and stable performance. To take the advantage of both metals, i.e., higher sensitivity of silver and stability and chemical resistance of gold, in this work we consider a bimetallic configuration which has been recently studied by some researchers [16] [17] [18] [19] . In the bimetallic SPR sensor designs of [16, 17] , no proper adherence material was used to fix the silver and gold layer to the glass prism despite the fact that both silver and gold have poor adherence with glass. To enhance the adhesion between metal and glass [18] incorporates a thin chromium (Cr) film on the glass substrate. Reference [19] used double pairs of dielectric-metal (Teflon-silver) multilayers between a prism and target molecule which leads to enhanced depth-to-width ratio of the reflectance curve. The relatively thick dielectric layer used in this work leads to increased SPR evanescent wave penetration depth, but the sensitivity is significantly reduced because the sensing surface is located at a considerable distance from the SPs which exist at the metal-dielectric interface [20] .
This paper presents the design of a new couple Ag-Au metal film based SPR sensor with improved performance parameters. In the proposed design, with couple Ag-Au metal films, a thin layer of indium phosphide (InP) and an air gap are used. To enhance the adherence of metal layer on prism glass titanium (Ti) is used. By studying spectral and angular properties of the illuminating beams we observed the operating wavelengths and resonance angles of the proposed sensor. Characteristic transfer matrix (CTM) approach was used for the studies of the reflectance curves, and through detailed investigation of these curves we studied different performance parameters including sensitivity factor (SF), sensor merit (SM), full width at half maximum (FWHM) values and combined sensitivity factor (CSF). Spectral effects of incidence angle and metal film thickness on reflectance were studied and optimized thickness of each layer were obtained. We established the best optical properties of the metal to obtain the best performance. Compared with only-Au-layer configuration or only-Ag-layer configuration, coupled Ag-Au layer configuration provides the lowest and sharpest dip in the reflectivity curve and the best overall performance. Integration of the thin InP layer enhances the sensitivity from 65.66 • /RIU to 70.90 • /RIU and the combined sensitivity factor (an overall figure of merit of the sensor) from 178.5 RIU −1 to 372.8 RIU −1 . Performance of the proposed bimetallic sensor is far better than that of the bimetallic sensors reported in recent literature. For example, SF and CSF of the bimetallic SPR sensor of [16] are 49.17 • /RIU and 108.0 RIU −1 , respectively, while for the SPR sensor presented here these parameters are 70.90 • /RIU and 372.8 RIU −1 , respectively. Proposed SPR sensor's ability to detect very subtle variations in concentration of liquids at the ng/mL level is demonstrated by detecting the variation of 1/1000 of RIU of the sensing medium (i.e., target material for sensing application).
THEORETICAL MODEL

Theory
Surface plasmons (SPs) or surface plasmon waves (SPWs) are the free-charge oscillations occurring upon incidence of light at the interface of a dielectric and a metal. Surface plasmon resonance occurs when the momentum of the SPs matches that of the incident wave. This wave-matching condition is disrupted by even very tiny changes in the interface conditions. Thus when the condition of light excitation remains unchanged, changes in the refractive index of the medium adjacent to the metal can be precisely determined by optically interrogating the SPR. To excite SP, photon momentum of the incident light beam is to be enhanced to the level of SP momentum which can be achieved by using attenuated total reflection (ATR) by prism couplers or other techniques. For surface plasmon excitation in conventional Kretschmann configuration which is based on the ATR method, a coupling prism is interfaced with a thin metal film. The evanescent wave created by the attenuated total reflection of light incident on the prism-metal interface couples with the SP if the phase matching condition is fulfilled. SPR requires the wave vector of the incident light in the plane of the surface (k x ) to match the wave vector of the SP wave in metallic films (k sp ):
Here d and m represent complex dielectric constant of dielectric material and metal, respectively; n p is the refractive index of the prism; and λ and θ are wavelength and angle of incident light, respectively. The matching relationships for SPR are k x = k sp and θ res = sin
where θ res is the resonant angle. k x can be adjusted by controlling the angle of incidence in order to match the propagation constant of the plasmon waves.
The interaction of light wave with SPW can alter light's characteristics such as amplitude, phase, polarization and spectral distribution. Changes in these characteristics can be correlated with changes in the propagation constant of the SPW. Therefore, changes in the refractive index at the sensor surface and consequently the propagation constant of the SPW can be determined by measuring changes in one of these characteristics. Based on the measured characteristic, SPR sensors can be classified as angle, wavelength, intensity, phase or polarization modulation-based sensors. In the SPR biosensors, biomolecular recognition elements on the surface of metal recognize and capture analyte present in a liquid sample and produce a local increase in the refractive index at the metal surface. Increase of refractive index gives rise to an increase in the propagation constant of SPW propagating along the metal surface which can be accurately measured by optical means.
Proposed SPR Sensor Structure
The schematic diagram of the proposed SPR sensor is shown in Fig. 1 which consists of glass prism, air gap layer, titanium (Ti) layer, bimetallic layer consisting of silver (Ag) and gold (Au) films, indium phosphide (InP) layer and sensing layer which we considered to be water. Refractive indices of the prism glass, air gap and Ti are 1.723, 1.0 and 2.9838+i4.0042, respectively. The Ti layer is used to enhance the adherence of silver layer on glass prism. Bimetallic layers consisting of Ag and Au films are then used which have the refractive indices of 0.1468 + i4.8604 and 0.1676 + i4.5332, respectively. This bimetallic structure gives the advantages of both metals, that is, stability and chemical resistance of gold and higher sensitivity of silver. Thereafter, a thin InP layer having refractive index of 3.4719 + i0.23111 [21] is used. Addition of this thin layer on top of the metal layer enables SP to spread along it and causes a larger fraction of the evanescent field to be in the analyte region. Since this layer has a large refractive index it can support guided waves for smaller thicknesses. Since the wave is partially guided and the interaction volume is larger, the sensitivity is increased [5, 22] . Finally, a sensing medium is used as the cover layer for which we considered water with refractive index 1.33. 
Characteristic Transfer Matrix (CTM) Method
We used characteristic transfer matrix method to investigate the optical characteristics of the proposed sensor. This method can be used to study reflectance and transmittance of thin films if the film thickness is comparable to the wavelength of incident light. If there are N layers in the SPR sensor stack apart from the prism, tangential components of electric and magnetic fields at the first (E a and B a ) and last (E N and B N ) boundaries can be expressed as:
Here M i is the individual transfer matrix of the i-th layer (i = 1 to N ) stacked sequentially between the prism and the sensing layer and is given by
Here, the optical phase addition introduced by a single traversal of the field across the layer, i.e., δ i , is given by
where λ is the wavelength in vacuum, n i the refractive index of the i-th layer, d i the thickness of the i-th layer, and θ i the incidence angle to the i-th layer. ε 0 and μ 0 are the permittivity and permeability in vacuum, respectively. The parameter for the individual layer γ i for p-polarization is
The power of the CTM method can best be appreciated when dealing with multiple layers of thin films as in our case here. In Eq. (3) we related the electric and magnetic fields inside the i-th layer at both interfaces to the interference matrix M i for that layer. Since the transverse components of the electrical and magnetic fields are continuous at each interface that is free of net charge and current, the total interference matrix of the whole multilayer structure was obtained using M = N i=1 M i . Then the reflection and transmission coefficients, r and t, through the films can be obtained using these matrices as follows:
From Eq. (7) reflectance from the multilayer stack can be calculated (R = |r| 2 ) to obtain pattern of redistribution of incident light energy into SPR waves, and thus reflected field power as a function of incident angle can be obtained. Similarly, transmission through the multilayer stack (T = |t| 2 ) can be calculated from Eq. (8).
RESULT AND DISCUSSION
Numerical simulation using finite difference time domain (FDTD) method was performed to study the reflectance curves and analyze the proposed SPR sensor thoroughly. Different performance parameters of the SPR sensors were used, namely, sensitivity factor (SF), sensor merit (SM) and combined sensitivity factor (CSF). Sensitivity factor is the change in resonance angle (δθ res ) of the SPR sensor per unit change in the refractive index of the sensing region (δn s ) at sensor surface:
Due to the broadening of reflectance dip, the resolution of the sensor becomes worse, and thus the accuracy depends on the width and shape of resonance damping in the neighborhood of the minimum. This is measured by sensor merit (SM) [23] :
where R r = reflectance at resonance. For a fair comparison, a figure of merit called combined sensitivity factor (CSF) is used. CSF is the product of sensitivity and resolution of the sensor and is inversely proportional to the limit of detection of the sensor [23] :
Associated with a particular SPR sensor configuration and at a wavelength there is only one thickness that allows an optimized transfer of energy from the illuminating beam to the plasmon wave [12, 24] . Therefore, for the proposed SPR sensor at first we need to find the optimum wavelength of the illuminating beam. Fig. 2 shows the reflectance curve as a function of incidence angle at different operating wavelengths: 745 nm, 750 nm, 755 nm, 760 nm, 765 nm and 770 nm. Among these curves, the minimum of the dip in the reflectivity is 0.00339201 which is obtained when the operating wavelength is 750 nm, and the incidence angle is 45.34 • . This is a resonance angle (θ res ) at which the minimum dip with narrow width of reflectivity curve is observed. At other wavelengths the dip goes up, and at 770 nm it is 0.040314 which is the highest among the minima. Dissipation in metal caused by absorption affects the width of the reflectance dip, and the imaginary part of metal refractive index mainly determines this. Table 1 shows real and imaginary parts of refractive indices of Ag, Au and Ti at 750 nm and 770 nm wavelengths. At larger wavelengths the imaginary parts become larger increasing the dissipation and consequently widening the dip. Full width at half maximum (FWHM) quantitatively describes the width and sharpness of the reflectance curve. Higher sensitivity in SPR sensors can be attained with sharper shapes which suggest faster recovery. For the proposed SPR sensor upon comparison of FWHM at different operating wavelengths, the best (i.e., least) value (0.189534 • ) was found at 750 nm. Since the FWHM of a high performance SPR sensor should be as low as possible, performance of the proposed sensor is best at 750 nm. We investigated the influence of metallic layer thickness on the SPR sensor to get the optimized transfer of energy from the illuminating beam to the plasmon wave. Keeping the gold layer thickness constant at 2 nm and varying the silver layer thickness from 15 nm to 47 nm, the reflectivity was studied at the operating wavelength of 750 nm and is shown in Fig. 3 . The lowest reflectivity dip was found with the Ag layer thickness of 47 nm. To find whether this thickness is related to the operating wavelength, in Fig. 4 we studied the spectral effects of different Ag film thicknesses on reflectance at an incidence angle of 45.34 • . For Ag layer thickness of 47 nm, the lowest reflectivity is observed again at 750 nm, and the wavelength at which the lowest reflectivity is observed hardly changes with the thickness. It is important to examine the effects of incidence angle on wavelength-dependent SPR signals. value of FWHM is better than that for (47 nm + 2 nm =)49 nm. However, when all performance issues, such as SF and reflectance at resonance, are taken into consideration, the overall figure of merit is given by CSF, and the best CSF is found with (47 nm + 2 nm =)49 nm thickness. From Figs. 6(a), 6(b) and Tables 2(a), 2(b) it is observed that for the single metal layer case, as expected, the sensor performance is better for only Ag layer than that for only Au layer. However, the coupled Ag-Au layer provides a overall better performance than the single metal layer configuration, and the optimized thicknesses are 47 nm for Ag and 2 nm for Au. The reflectivity curves with optimized metal layer thicknesses for the three configurations -only Au layer, only Ag layer and coupled Ag-Au layer -are shown in Fig. 7 . The lowest and sharpest dip in the reflectivity curve is observed for coupled Ag-Au layer configuration. As shown in Fig. 1 , the proposed SPR sensor has an air gap layer. Table 3 shows that inclusion of this air gap layer enhances both the sensitivity (70.90 • /RIU) and the CSF (372.8 RIU −1 ) compared to the case where no such air gap is used (sensitivity of 66.29 • /RIU and CSF of 285.0 RIU −1 ). References [27, 28] also used an air gap layer which works as a dielectric medium and increases the resonance dip of the reflectivity curve. Table 3 also shows performances of the proposed sensor compared to the SPR sensor of [27] -both for the cases when air gap layer is present, and no air gap layer is there. The proposed SPR sensor has excellent CSF of 372.8 RIU −1 in comparison with that of [27] which has the CSF of 200.0 RIU −1 . Sensitivity of the proposed sensor is also higher 70.90 • /RIU against 66.79 • /RIU. Compared to [27] , better performance was observed for both cases of with and without air gap layer. Table 4 shows the optimized air gap layer thickness which is 15 nm.
Since both silver and gold have poor adherence to glass in the proposed SPR biosensor, a Ti layer is used for adherence of silver layer on prism glass. Also to further enhance the performance and for the purpose of protection, a thin InP layer is used between the metallic layer and the cover material to be sensed. This layer enables surface plasmon to spread along it and causes a larger fraction of the evanescent field to be in the analyte region. The large refractive index of this layer causes the guidance of the wave for smaller thicknesses and makes the interaction volume larger. All these improve the sensor performance. Table 5 shows the performance improvement with thin InP layer against the cases when no such layer is used and when SiO 2 , which has a relatively lower refractive index, is used. Both sensitivity and CSF increase significantly, and InP performs better than SiO 2 . An optimized InP layer thickness of 20 nm gave the best performance. The bimetallic SPR sensor proposed here is compared against the bimetallic SPR sensor of [14] , and their overall performance parameters are shown in Table 6 . Sensitivity factor of the proposed SPR sensor is far better than the sensor of [14] (70.90 • /RIU against 49.17 • /RIU) while CSF of the proposed sensor is more than three times higher (372.8 RIU −1 against 108.0 RIU −1 ). For sensitivity and CSF measurements of the proposed SPR biosensor, we considered water (n = 1.33) as the reference sensing medium. In the biosensors, analyte present in the liquid sample is captured by biomolecular interaction and produces a local increase in the refractive index at the covering or sensing medium. To measure the proposed SPR biosensor's ability to detect small variations in concentration at the ng/mL level [29] the refractive index of the sensing medium (target material for sensing application) was varied from 1.333 to 1.341 with a step of 0.001. Variation of refractive index from 1.333 to 1.341 with a step of 0.001 covers the range of the solution with deoxygenated hemoglobin (HB) in phosphate-buffered saline solution up to 60% concentration (g/L) as reported in [30] . Fig. 8 shows that changes of concentration cause very minor changes in the refractive index (from 1.333 to 1.341) of the cover medium, and the dip of reflectance of the sensor is distinguishably shifted that means that the resonance angles are shifted with changed refractive indices. This demonstrates the proposed SPR sensor's ability to detect the variation of 1/1000 of RIU of the sensing medium (caused by concentration change of the analyte).
CONCLUSION
Design of a new bimetallic SPR sensor has been proposed. In addition to coupling Ag-Au films the proposed sensor has a thin InP layer on the metallic layer and also incorporates an air gap layer. We have shown that all these contribute to the overall performance improvement of the bimetallic SPR sensor. We established the best optical properties of the metals to obtain the best performance and optimized the thickness of each layer. Compared to the bimetallic SPR sensors that have been recently reported in the literature, sensitivity and overall figure of merit of the proposed sensor are far better. The proposed biosensor's capability to detect the variation of 1/1000 of RIU of the sensing medium (caused by concentration change of the analyte) has been demonstrated.
